Summary. We constructed a Neurospora crassa gene library in a cosmid vector and used the cosmid-pool DNA to transform an inl, rg Neurospora crassa strain to inositol prototrophy. The inl + colonies obtained in this experiment proved to be integrative type transformants. Genetic analysis revealed that the integration event occurred at or near the inl locus. In one of the transformants the inl + trait exhibited mitotic and meiotic instability. In hybridization experiments free plasmids were detected in the F 1 progeny of the transformants. We were able to recover eleven different plasmids from the F 1 progeny of the transformants. None of these plasmids proved to carry a functional copy of the inl + gene as judged by its transforming ability. Possible explanations for the observed phenomena are discussed.
Introduction
Cloning of specific genes by means of complementation of mutations is a well established method in yeast molecular biology (Botstein and Davis 1982) . It proved to be useful for cloning of yeast genes and heterologous genes (Henikoff et al. 1981) , as well. A similar system for Neurospora crassa has been elaborated only very recently (Akins and Lambowitz 1985) , although two transformation methods (Case 1982; Dhawale et al. 1984) and several potential vectors (Stohl and Lambo-witz 1983; Buxton and Radford 1983) were described earlier.
We attempted to use the complementation approach, exploited successfully in yeast to clone the inl + gene of Neurospora crassa encoding myo-inositol-l-phosphate synthase (MIPS). DNA prepared from a Neurospora cosmid gene library (Feh6r 1984) was used to transform an inl mutant N. crassa strain. We expected that we can rescue the transforming inl + sequences from the transformants. This expectation has not yet been realized, but the genetical and biochemical analysis of the transformants revealed interesting new phenomena. This work was reported in a preliminary form (Feh6r et al. 1985) .
Materials and methods
Strains and media. E. eoli HB 101 (Boyer and RouUand-Dussoix 1969) was used as host in transformation and transduction experiments. E. coli BHB 2690 and BHB 2688 (Hohn and Hinnen 1980) were used for the preparation of packaging extracts. Cells were grown routinely in LB medium (Maniatis et al. 1982) . Ampicillin and tetracycline were used at concentrations of 100 tag/ml and 20/~g/ml, respectively. Neurospora crassa strains used are shown in Table 1 . Strains were routinely grown on Vogel minimal medium (Davis and deSerres 1970) with appropriate supplementations. Inositol and methionine were added to the medium at a concentration of 10 #g/ml and 50 #g/ ml, respectively. The slime strain was grown on Vogel minimal medium, containing 1.5% sucrose and 7.5% L-sorbose. In genetic crosses we used the synthetic crossing medium described by Davis and deSerres (1970) .
Preparation of N. crassa sphaeroplasts. For N. crassa transformation experiments shphaeroplasts were prepared from the mycelia of R2606 (rg, inl) strain according to Schablik et al. (1983) . Mycelia were grown on cellophane-agar plates. Sphaeroplast formation was carried out in 1 M sorbitol, 10 mM MOPS (pH 5.8) containing 1% Helicase (l'Industrie Biologique Francaise) and 0.1% chitinase (from Serratia marcescens, SERVA) with gentle shaking at 27-29 °C for 2 h. The sphaeroplasts were purified by filtration through glass wool and were washed three times with 1 M sorbitol. For the purpose of DNA isolation the sphaeroplasts were prepared essentially with the same procedure but omitting the filtration step.
Isolation of DNA. Donor DNA for the construction of the gene library was isolated from the N. crassa slime mutant, FGSC 1118. The ceils were washed with 1 M sorbitol, 0.1 M EDTA (pH 7.0), and resuspended in 0.05 M Tris, 2 mM EDTA (pH 8.0). SDS was added to 1% final concentration and the mixture was incubated at room temperature for 10 min. After addition of 1/4 vol of 5 M NaCI it was incubated on ice for 1 h. Then the mixture was centrifuged at 5,000 rpm for 20 min in a Janetzki K-23 centrifuge and 25-50 ~g/ml heat-treated pancreatic RNase (Reanal, Hungary) was added to the supernatant. It was incubated at 37 °C for 1 h then it was extracted three times with phenol-chloroform and twice with chloroform and precipitated with 2 vol of ethanol. DNA was prepared from mycelial sphaeroplasts of the transformants according to Feh6r and Schablik (1983) . The sphaeroplasts were suspended in 500 ~1 of 50 mM EDTA (pH 8.0), 0.3% SDS. Then 2 #1 diethylpyrocarbonate was added. The mixture was incubated at 65 °C for 10 min and cooled on ice. After addition of 100 )~1 5 M Kacetate the precipitate was centrifuged in an Eppendorf centrifuge for 5 rain. The supernatant was treated once with phenolchloroform and twice with chloroform. Then the nucleic acids were precipitated with two volumes of ethanol, collected by centrifugation and dissolved in 40-50 t~l of 10 mM Tris (pH 8.0) 10 mM NaC1, 1 mM EDTA. Plasmid DNA was prepared from E. coli routinely as described by Kiss and Baldauf (1983) . Cosmidpool DNA was prepared from the clones of the gene library by means of cesiumchloride-ethidiumbromide density gradient centrifugation as described by Maniatis et al. (1982) .
Recombinant DNA methods. Restriction enzymes and T4 DNAligase were prepared in the Biological Research Center (Szeged, Hungary) using published procedures (Roberts 1982; Murray et al. 1979) . Digestions were performed according to the original purification protocols. Agarose gel-electrophoresis of DNA and Southern blotting were performed as described by Maniatis et ah (1982) .
Hybridization was carried out in a solution containing 2 x SSC, 0.1% Ficoll, 0.1% bovine serum albumin, 0.1% polyvinylpyrrolidone, 50 ~zg/ml sheared denatured chicken blood DNA, 1% SDS at 65 °C for 16 h with 32p labelled, nick-translated (Rigby et al. 1977 ) hybridization probes. The filters were washed in 1 x SSC at 65 °C for 1 h and autoradiographed.
Construction of a gene library. For the construction of a N. crassa gene library we chose the yeast cosmid BHB 3030 (Hinnen, unpublished result). This 10.3 kb cosmid is a derivative of YEp6 (Struhl et al. 1979) . It contains a fragment of 2 ~z plasmid, the yeast HIS3 gene, ampliciUin and tetracycline resistance genes, the cos region of phage lambda and unique sites for restriction enzymes BamHI, SalI, BstEII and XhoI ( Fig. 1) . We used the N. crassa slime mutant as a source of donor DNA. 200 /~g of N. crassa DNA was partially digested with MboI and size-fractionated on a 10-40% sucrose gradient (Maniatis et al. 1978) . The fractions containing DNA fragments 30-40 kb in size were precipitated with ethanol. 3 ~zg of sized N. crassa DNA was ligated for 16 h at 14 °C in a total volume of 10 ~I to 2 ~g of cosmid vector linearized by BamHI. The ligated DNA was packaged in vitro (Hohn 1979 ) and the phage particles were transduced into E. coli HB 101. 5,000 ampicillin-resistant colonies were picked up and stored independently in 20% glycerol at -20 ° C. 80% of the clones proved to be recombinant, as judged by the insertional inactivation of the tetracyclineresistance gene. Restriction analysis of eosmids from 24 random clones supported this result. The genome size of iV. crassa is known to be about 27,000 kb (Krumlauf and Marzluf 1979) . As the average insert size in the gene library is estimated to be 30 kb, 900 clones correspond to one genome equivalent. Our 4,000 recombinants cover the genome more than four times, this means that we have any N. crassa sequences represented with a probability of at least 98% (Clarke and Carbon 1979) .
Preparation and immunoelectrophoresis of MIPS.
Preparation of crude mycelial extracts for immunoelectrophoresis, produc- (Mishra and Tatum 1972) . tion of immune sera and immunoelectrophoretic techniques were performed as described earlier (Zsindely et al. 1983 ).
Results

Transformation of N. crassa with recombinant cosmids
E. eoli transformation. E. coli HB 101 cells were transformed as described by Maniatis et al. (1982) .
Transformation of N. crassa. N. crassa R 2506 strain was transformed according to the procedure of Case (1982) with slight modifications. The spheroplasts were suspended in a 0.5 ml solution containing 1 M sorbitol, 10 mM MOPS (pH 6.3), 50 mM CaCI 2, 8% PEG 4000, heparin and the DNA. The concentration of the transforming DNA was 20-40/sg/ml. The concentration of heparin was hundred times more than that of DNA. The cell suspension was incubated on ice for 30 min. Then 10 vol of 40% PEG was added and the mixture was incubated at room temperature for 10 rain. After centrifugation the spheroplasts were resuspended in 1 M sorbitol and plated with 3% agar onto minimal medium at a density of 106 spheroplasts per plate. Appearing colonies were transferred to minimal agar slants.
Only colonies growing after this transfer were subject to further studies.
Methods of N. crassa genetics.
Random spore analysis and tetrad analysis were performed according to the standard procedures (Davis and deSerres 1970) . Stability of the transformed trait was tested as follows. Ascospores from the F 1 progeny of the inl + transformants were transferred to complete agar DNA was prepared from all clones of the gene library by means of cesiumchloride-ethidiumbromide density gradient centrifugation. 20 /~g of DNA of this recombinant cosmid-pool was used to transform spheroplasts of an inl, rg N. crassa strain (R 2506) to inositol prototrophy. Two inl + transforrnants (T1 and T3 were obtained. No spontaneous reversion was detected in the control experiment. Since the mycelial spheroplasts used in the transformation experiment contain several (5 to 10) nuclei, the transformants are heterokaryons. In order to obtain homokaryotic transformants T1 and T3 were backcrossed to an inl (89601) strain and several inl + ascospores from the F 1 progeny were selected for further genetic and biochemical studies.
Genetic analysis of the transformants
The F 1 progeny of the original T1 and T3 transformants were backcrossed to an inl (89601) strain and tetrad analysis was performed. The results are shown in Table 2 , In the cross involving T1 several tetrads did not contain inl ÷ ascospores at all. On one hand the appearance of Mendelian (44:4-) tetrads in both crosses points to chromosomal inheritance. On the other hand tile occurrence of 0 + :8-tetrads indicates some kind of genetic instability. To determine on which linkage group the inl ÷ gene is located in the transformants the F 1 progeny of T1 and T3 were crossed to a wild type strain (RL-3-8) and random spore analysis was performed. The percentage of the appearing inl ascospores is shown on Table 3 . The results indicate that the inl + gene cannot be linked to a linkage group different from linkage group V. The occurrence of the few percent inl ascospores can be a sign of genetic instability.
We investigated the linkage relationships to al-3 and met-3, the neighbouring loci to inl on linkage group V (Perkins et al. 1982) . The F1 progeny of T1 and T3 were crossed to an al-3 (albino), inl (89601), met-3 strain (MI-112) and the percentage of al-3, inl +, met + recombinants was determined (Table 4) .
The frequency of recombination between al-3 and inl loci proved to be 0.58% and 2.46% for T1 and T3, respectively. This value was 1.16% and 1.18% (in two ex- Mitotic stability of the transformed inl + trait was determined by means of checking the phenotype of the We attempted to detect the vector sequences in the transformants by means of Southern hybridization. DNA prepared from F 1 progeny of the transformants was digested with EcoRI and hybridized with the labelled vector in a Southern experiment (Fig. 2) . The strong hybridization signals correspond to the 8.1 and 2.2 kb fragments of the vector (slots 4 and 5). There are, however, several faint hybridization signals of different mobility and a smear that covers hybridizing bands in the range of 10 to 30 kb (slot 5). The transformant DNAs exhibit a striking intensity of hybridization. On the basis of the signal strength the copy number can be estimated. Since the quantity of the loaded vector DNA is 10 ng and that of the transformant DNA is 10/2g, the copy number of the vector sequences in the transformants is estimated to be at least 20-25 per genome. However, on the basis of this experiment we could not decide whether the hybridizing vector sequences were integrated or not.
To decide in this question a Southern hybridization experiment was carried out with undigested DNA isolated from the transformants. In this experiment we were able to detect faint bands characteristic for covalenfly closed circular plasmids from the FI progeny of the transformants using the vector as a hybridization probe (not shown). The principle of the detection was that the supercoiled plasmid DNA migrates faster than uncleared chromosomal DNA in an agarose gel-electrophoresis. The copy-number of the detected plasmids was estimated to be 1-2/genome, what is significantly lower than that of the previous experiment. The latter experiment was carried out about two month later, therefore we suppose that the lower copy-number can be due to loss of plasmid sequences during vegetative propagation on agar slants with periodic transfers.
We were able to recover recombinant cosmids from the F1 progeny of the transformants by means of E. coli transformation. In this experiment 32 ampicillinresistant colonies were obtained. Eleven recombinant cosmids (pNCs) of different restriction pattern were isolated from these E. coli transformants (Fig. 3) . Some of these plasmids proved to be rearranged in N. crassa, e.g. deletions within the vector sequences could be detected. (The 2.2 kb EcoRI fragment of the vector is missing from several plasmids.) There are several recombinant cosmids of large size among them, e.g. pNC3, 7 and 13. Presuming that one of the isolated pNCs con-be 50% lower than that of the wild type enzyme. Physiological regulation of MIPS synthesis -inositol repression -was the same in the transformants as in the control. Fig. 3 . Gel-electrophoresis of pNC plasmids recovered from N. crassa transformants after EcoRI cleavage. H, HindlII; Hp, HpaI; RI, EcoRI; V, BHB 3030 cosmid rains the inl + gene, we tried to use them for transformation of inl mutants. None of them transformed Neurospora to inositol prototrophy.
Crossqmmunoelectrophoresis of the purified gene product (MIPS) showed that the homokaryotic (F1) transformants synthesize both the wild type enzyme and the inactive enzyme-protein. The principle of the detection was that the inactive protein had slightly lower electrophoretic mobility than that of the active enzyme (Zsindely et al. 1979) . Therefore the inactive protein gave rise to a shoulder next to precipitation peaks of the active enzyme (Fig. 4, panels A, B) . It is striking that the peaks on panel A and B are asymmetric and very similar to peak on panel D, which was made by mixing together active MIPS and inactive protein. Peak on panel C representing the pure active MIPS is symmetric.
The specific activity (enzyme activity//ag antigen) of the enzyme isolated from transformants proved to
Discussion
We transformed successfully an inl mutant of N. crassa using recombinant cosmid-pool DNA. The fact of successful transformation proves the assumption that our gene bank contains the inl + gene. The efficiency of transformation seems to be very low. However, let us take into account that probably not more than one clone contains the transforming gene and it represents only 4 ng of the 20/ag total cosmid-pool DNA. Considering this fact the transformation efficiency can be estimated to be in the range of 10-100//~g DNA. Similar values were obtained by other workers (Case et al. 1979) .
The recipient spheroplasts contain multiple nuclei and not all of them become transformed. Therefore the original transformants are always heterokaryons containing both inl ÷ and inl nuclei. We wanted to work with inl ÷ strains carrying only transformed nuclei, for this reason F 1 progeny of transformants was generated and used in these studies.
The genetic studies reveal that the transformed inl ÷ phenotype exhibits chromosomal inheritance and its gene is located on linkage group V. The linkage analysis shows that the inl + genes in the transformants are closely linked to the al-3 locus. The map distances between al-3 and inl ÷ in the transformants were found to be somewhat different from that determined in the wild type strain. In Neurospora it is hard to tell, whether these differences are significant, because recombination frequencies vary from strain to strain. From these data we concluded that the integration of the inl ÷ gene took place between the loci al-3 and met-3 most probably Fig. 4 Zsindely et al. (1983) via homologous recombination. The detection of both the enzymatically active and mutant gene products in the transformants supports the idea that the integration event resulted in a tandem arrangement of inl sequences leaving the expression of both inl + and inl genes intact.
One of the transformant (T1) exhibits instability of the transformed inl + trait. Tetrads of the test cross not having inl + ascospores indicate meiotic instability, while the appearance of inl mutant conidia during vegetative propagation reveals mitotic instability. The loss of inl ÷ trait can be explained with the excision of the chromosomaUy integrated inl + copy. Similar phenomenon was described for yeast transformants by Hinnen and Meyhack (1982) ,
We were able to detect the vector sequences in the DNA isolated from the transformants. The copy-number of the vector sequences was significantly different in the two experiments. This difference can probably be due to the loss of sequences during vegetative propagation. Plasmids of various sizes were recovered from the F 1 progeny of integrative type transformants. There are a number of explanations for the presence of these plasmids:
1. The plasmids were maintained during meiosis and mitosis by autonomous replication. As they do not carry a functional inl + gene, they may be the result of cotransformation. The existence of replicating recombinant plasmids in N. crassa transformants has been proposed by several workers (Stohl et al. 1984; Grant et al. 1984; Buxton and Radford 1984; Paietta and Marzluf 1985) .
2. Another possible explanation that some of the integrated foreign sequences are excised from the Neurospora chromosome and exist extrachromosomally in the nucleus. Mitotic instability and the decrease in the copy-number of the integrated vector also can be due to excision, therefore these data seem to support the excision-theory. Kuiper and de Vries (1985) also reported that rearranged plasmids can be recovered from integrative-type fungal transformants.
3. Finally, it cannot be excluded that chromosomal DNA fragments of transformant DNA carrying vector sequences were taken up and circularized by E. coli.
We think that none of these explanations can be exclusively used to interpret our results, but each of them has some grounds. Our experiments did not result in cloning of the inl + gene. Although we got integrative type transformants using the DNA of the gene library, we could not recover the intact inl + gene from them. Rearranged plasmids of various sizes were isolated from the F 1 progeny of transformants. The way these plasmids were maintained during the meiosis is unknown at present.
In future Neurospora cloning experiments it would be useful to have suitable Neurospora-E. coli shuttle vectors, like the 2/~ vectors in yeast. The pRAL1, recently constructed by Akins and Lambowitz (1985) is the first Neurospora vector successfully used for cloning of nuclear genes. This is a vector of integrative type, carrying the qa2 + gene of N. crassa. Nevertheless, it would be desirable to construct a similar vector with a Neurospora replicon which can be easily recovered from the transformants. It is an open question, whether this is possible at all.
